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SUMMARY

Pacific Northwest Laboratory (PNL) has evaluated, on a laboratory scale,

the characteristics and Pellet fabrication properties of UO3 powder prepared

by the thermal denitration process. Excellent quality, 96% TD (percent of

" theoretical density) pellets were produced from developmental lots of this

powder. Apparently, the key to making this highly sinterable powder from

- uranyl nitrate is the addition of ammonium nitrate (NH4N03) to the feed

solution prior to thermal denitration. The developmental lots of UO3 powder

were supplied by Oak Ridge National Laboratory (ORNL). These powder lots

were processed with and without the NH4NO3 addition in the feed solution.

The lots included samples from the ORNL laboratory rotary kiln and from a

larger scale rotary kiln at National Lead of Ohio (NLO).

In the PNL evaluation, samples of the UO3 were calcined and reduced to

UO2, followed by conventional process procedures to compare the sinterability

of the powder lots. The high density pellets made from the powder lots,

which included the NH4NO3 addition, were reduced to Fast Breeder Reactor

(FBR) density range of 88 to 92% TD by the use of poreformers.

The NH4NO3 addition also improved the sinterability properties of uranium

oxide powders that contain thorium and cerium. Thorium and cerium were

used as "stand-in" for plutonium used in urania-plutonia FBR fuel pellets.

A very preliminary examination of a single lot of thermally denitrated

uranium-plutor, ium oxide powder was made. This powder lot was made with the

NH4NO3 addition and produced pellets just above the FBR density range.

The experience and information gained from this UO2 and mixed-oxide work

will be used to develop the uranium-plutonium oxide fuel pellet process for

. FBR fuel when larger quantities of the mixed-oxide powders become available.
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INTRODUCTION

Large-scale commercial operations have produced uranium dioxide (U02)

powders by denitration of uranyl nitrate followed by hydrogen reduction(1). +

However, the properties of these oxide powders are not normally amenable to

the fabrication of UO2 pellets. Excessive milling or other comminution

methods are required to activate the powder for satisfactory sintering. A
w

thermal denitration method for co-conversion of uranyl nitrate-plutonium

nitrate solutions is being developed at Oak Ridge National Laboratory

(ORNL)(2).

As a participant in the conversion-fabrication program, Pacific Northwest

Laboratory (PNL) evaluated pelliet fabrication properties of powder produced
l

by the thermal denitration process. This program is sponsored by the Depart-

ment of Energy (DOE) and is shared by three laboratories: I) ORNLis develop-

ing the thermal denitration process to produce U03; 2) PNL, as detailed in

this report, has demonstrated the feasibility of processing and fabricating

pellets with Fast Breeder Reactor (FBR) densities of 88 to 92% TD from the

ORNLpowder lots; and 3) the Hanford Engineering Development Laboratory

(HEDL) will scale the process up to production levels. The program is

managed by the HEDLTechnology Management Center for Reactor Fuels and
Materials.

T{_,isreport describesa laboratorybatch processfor fabricationof

pelletsfrom thermallydenitratedpowder. In screeningtests the procedures

were kept constantto evaluateand compareeach of the powder lots. In

other tests, pellet densitieswere reducedto the FBR density specification

by the use of poreformers. In addition,a limitedevaluationof a modified

. batch denitrationfrom ORNL indicatedFBR densit}escould be obtained by

controlof the thermaldenitrationprocessparameters. The experienceand

. informationgained from +thesedevelopmenttests may be transferredto develop

a mixed-oxideprocesswhen sufficientquantitiesof powdersbecome available.



CONCLUSIONSAND RECOMMENDATIONS

The resultsof the PNL laboratorystudies indicatethe following

conclusionsand recommendationsfor additionalevaluation.

. The presenceof NH4NO3 in the thermaldenitrationfeed solution

greatly improvedsinteringpropertiesof the oxide.

• In powder lots convertedwith the NH4NO3, high qualitytest pellets

were fabricatedto densitiesgreaterth,._n96% TD using conventional

processeswithout any powder milling. The thermaldenitrationprocess

parameters,which includeda wide range of temperatures,feed rates and

concentrations,had littleeffect on pellet fabricationor final density.

• Powder processparametersand propertiesthat yielded_,ighdensities

includedcalcine temperaturesfrom 600 to 80O°C, surfaceareas of 4 to

10 m2/g, tap density about I g/cm3, and oxygen to metal (O/M) ratio
of 2.1 to 2.2.

• Conversely,lots processedwithoutthe NH4NO3 in the denitration

feed solutionproduced powderswith dense, large granulesthat

were not amenableto pellet fabrication. Excessivemillingimproved

the sinteringpropertieso'Fthe powder;however,milling still did

not yield powder propertiescomparableto powder producedwith the

NH4NO3 addition.

• FBR densities,88 to 92% TD, were achieved from the highly sinterable

thermaldenitratedpowder by use of ammoniumoxalate poreformers.

These densitieswere duplicatedto a limitedextent using UO3 granules

as a poreformer.

• Powdersproduced in a modified batch denitrationprocess,as opposed

to the powder lots from the ORNL rotary kiln, had lower surface

area (_3 m2/g), fewer submicronparticlesand could be conventionally

processedwithout poreformersto the FBR densityrange.

• A single lot of U-Pu thermallydenitratedpowder (processedwith the

NH4NO3 addition)producedpelletsjust above the FBR range using

!



the fabrication conditions developed from work with the U02 powder
lots.

This study also indicated that additional development and evaluation is

needed in several areas. Additional thermal denitration runs should be made

to _evelop an improved powder morphology for pellet fabrication. The small
m

batch denitration test evaluated during this study indicated that powder

properties affecting sinterability could be controlled during the conversion.

The development and evaluation of this type of powder should be continued.

The target goal for this development would be to: I) change powder

morphology to increase tap density by reducing submicron particles, which

would reduce the pressure required to press pellets and eliminate the top

punch holddown required during pellet ejection, and 2) control the sinter-

ability of the powder by denitration process conditions.

Other recommendations for future work include:,

• controlling lot-to-lot consistency in large continuous rotary

operations

• developing and evaluating a continuous furnace for calcine reduction

operations
l

• developing U-Pu mixed-oxide thermal denitration and pellet fabrication

process

• fabricating and evaluating an irradiation test made up of pellets

produced from thermally denitrated powder.

k
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PROCESSDESCRIPTION

The process used for the laboratoryevaluationof the thermallydeni-

trated UO3 powder lots is shown in Figure I. The followingdiscussionof

the processhighlightsthe evaluationdetails. In the initialscreeningv
I

tests, procedureswere kept constantto evaluateUO3 powderpreparation

conditions. Processvariationswere introducedin other tests to alter

powder characteristicsand evaluatethose changeson the sinterabilityof

the pellets. _

, i

UO3 PgWDER PREPARATION

The powder lots evaluatedii_this study were producedby thermaldeni-

trationof uranyl nitrate. These UO3 powder lots were producedat ORNL

during developmentof the conversionprocess. The processflow chart

(Figure1), includesthe UO3 preparationstep to link the ORNL preparation

conditions(2)with subsequentevaluationsteps. The UO3 powder lots were

received,weighed and assigneda PNL identificationnumber. The Th-D

numbersused throughoutthese studiesare referencedto the ORNL identl-

fication in Tables !, 2 and 3. The as-receivedUO3 bulk density(a) and

surfacearea(b) were determinedbefore calciningand reducing.

CALCINATION/REDUCTION

The as-receivedUO3 powderwas calcined in a batch furnaceto remove

moisture and residualvolatilematerial and to reduce the UO3 to UO2. This

calcinationreductionprocessshouldnot be considereda referenceprocess

becausea continuouscalcinefurnacewould be preferredover the batch-type

laboratory process used in this study. The furnace was a cold-wall,

refractory metal resistance heated furnace, normally used for high temper-

ature sintering.

During a standard screening cycle, as many as five 100 g samples were

processed in stainless steel trays. The furnace was evacuated to approxi-

(a)ASTMStandardB-212-48.

(b)BETgas adsorptionmethod.
4

!

i



UO3 POWDER I . IDENTIFICATION& COMPOSITION

1 PREPARATION i_ • DENITRATIONTEMPERATURE ,
(ORNL) • FEED RATE & CONCENTRATIO_

i ii

• {"RECEIVEUO3 • PNL IDENTIFICATION

2 J (PNL) • BULK DENSITY g/cm3. _. • SURFACEAREA m2/gi i

|

CALCINATION/ • TEMPERATURE-TIME-ATMOSPHERE

3 REDUCTION . WEIGHT LOSS %-TAP DENSITY g/cm3

UO2 • SURFACEAREA m2/g-O/MRATIO

UO2 POWDER • SIEVE - BLEND POREFORMER
4 PREPARATION . SLUG - DETERMINEDENSITY

• GRANULATE- LUBRICATE
,,

i PELLET PRESSING • PRESSURE

5 • GREEN DENSITY g/cm3
• INSPECTION

L i

I " I
PELLET SINTERING • TEMPERATURE-TIME-ATMOSPF!ERE

6 i • REDUCTION- WEIGHT LOSS

I • As-SINTEREDINSPECTION

1CENTERLESSGRINDING • VISUAL INSrECTION

7 • DIMENSIONS- nIAMETER- LENGTH
• WEIGHT

i ,l r

PELLET EVALUATION • GEOMETRICDENSITY

8 , • IMMERSIONDENSITY

• MICROGRAPHICANALYSIS

FIGURE i. ProcessFlow Chart with EvaluationProcedure.

5



mately 30 in. vacuum and back-filled with argon. The furnace was heated at

a rate of 300°/h with argon flowing over the trays of powder. At 600°C,

hydrogen was introduced to complete the reduction of UO3 to UO2. The furnace

temperature was held at 600°C for 4 h with a 50% argon/50% hydrogen atmo-

sphere. Again, this methoa should not be considered a reference process for

production use. By using a continuous calciner and allowing the argon-

hydrogen mixture to pass directly through a powder bed, less H2 would be

required to effect the desired reduction. After 4 h at temperature, the

reduced UO2 was cooled 300°C/h in argon. To reduce the possibility Of powder

oxidation when the furnace was opened to air, the furnace remained closed in

a static argon atmosphere overnight. After the calcination/reduction cycle,

the weight loss, tap density, O/M and surface area were measured. In addi-

tion to the standard screening tests, the calcination/reduction temperature

was varied to determine its effect on the powder fabrication properties.

i

UO2 POWDERPREPARATION

After calcination and reduction, the UO2 powder, denitrated with the

NH4NO3 addition, consisted of fine, fluffy particles with relatively low tap

density. Pressure as high as 25 kpsi was needed in the slugging (pre-

pressing) operation to obtain conventional slug densities of about 4.3 g/cm 3.

These slugs (_50 g, 0.2 in. thick from a 2-in. die) were granulated to pass

through a 20 mesh screen. Approximately 80% of the granulated powder

remained between 20 and i00 mesh screens. In the standard screening tests,

0.3 wt% zinc stearate was blended with the granulated UO2 to provide lubri-

cation for pellet pressing.

In some tests, poreformers were used to reduce pellet density. Pore-

formers in a selected particle size range were blended with the -I00 mesh

UO2 before the powder was slugged. The standard screening-test procedure

was then continued.
#

PRESSING

Pellets were pressed using an automatic, double action hydraulic press.

This 12-ton press can be operated fully automatically, semi-automatically,

!
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or manually. The semi-automatic mode was used to evaluate the relatively

small quantities of powder. The die was filled manually with the desired

quantity of powder. Then in the semi-automatic mode, the powder was lowered

in the die (i.e., the pellets were pressed in an underfill mode). Pressure
o r_was appll,.d by the upper and lower punches, and the pellet was ejected and

" removed from the die by hand. Other hydraulic features used in pressing the

pellets li_ciuded deceleration of the punches, prepress and press dwells, and

' top punch hold-down during ejection. The top punch hold-down provided slight

pressure restraint on the pellet during ejection to prevent capping or defects

to the _nd of the pellet. With this feature, higher pressures could be used

without causing defect,_ in the green pellets.

Pressures of 40 to 50 kpsi were used in these screening tests to press 8

to I0 pellets from each powder lot. The pellets were 0.425 in. in diameter

and were pressed to provide a length to diameter ratio of about I:I. Some

tests were made using a 0.25 in. diameter die to determine the effect that

pellets sized to FBR specifications would have on pellet fabrication. Condi-

tions were kept constant for direct comparison of the different powder

lots.

The green pellets were identified, measured, weighed, visually inspected,

and density was calculated. In addition, the green pellets were spot checked

for physical integrity by submerging them in alcohol. In cases where defects

_I such as cracks or end-caps were present but not visible, bubbles would streami

from the defect.

PELLETSINTERING

Test pellets were placed in molybdenum sintering boats and sintered in a

, cold-wall all metal, batch-type furnace similar to the one used in the

calcination/reduction cycle. In the screening tests, the furnace was

. progranTned to heat 150°C/h to 450°C, 300°C/h to 1700°C, held at 1700°C for

8 h, and cooled at a rate of 400°C/h. The atmosphere was 50% hydrogen/ 50%

argon flowing at a rate of 20 cfh for the entire cycle.



In subsequent tests, the time was reduced to 4 h for comparison to the

8-h runs. Resinter tests were run for 24 h at 1700°C. The heating rate was

reducedto 50°C/h between300 and 400°C in tests that includedporeformers. ,,

PELLETGRINDING
q,

The test pelletswere ground with a centerlessgrinderequippedwith

diamond wheels. This grinder provided a uniform finish for inspection and

accuratedimensionalmeasurements.

PELLETEVALUATION

Pellet evaluation, the final step in the process flow, included geometricH

and immersion density determinations, visual inspection and microstructural

ex_inination. Typical micrographs of test pellets are shown throughout this

report. Densities shown in this report were determined by water immersion( a)

unless otherwise noted. The percent of theoretical density for UO2 is

based on 10.96 g/cm3.

(a)ASTM Standard B-212-48.



PROCESSDISCUSSION

This section discusses the as-received data furnished by ORNLand compares

the UO3 properties of the various powder lots. Discussion of pellet fabri-

cation bythe standard screen test is included. Observations made during

• these tests lead to additional process evaluation discussed in the latter

part of this section.
i

a

UO3 POWDERPREPARATION

Thermally denitrated UO3 powder lots evaluated in this study were pro-

cessed at ORNLand NLO. The various process conditions, as furnished by

ORNL, and the as-received powder properties, measured at PNL, are shown in

Tables I, 2 and 3.

The UO3 powder lots were processed with NH4NO3 in the feed solution over

a wide range of denitration conditions (Table I). In reviewing t_iese condi-

tions, neither the range of denitration temperatures, nor the variations in

feed concentrations or product rate had much influence on the physical

properties of the powder. However, the powder properties were affected by

the presence of NH4NO3 in the feed solution. In contrast to the lot pro-

cessed without NH4NO3, the powder lots processed with NH4NO3 produced oxide

with high surface areas (small particles) and low bulk densities. During

denitration, the NH4NO3 addition results in the formation of the double

salt (ammoniumnitrate-uranyl nitrate), which has beneficial effects on the

physical properties of the oxide.(2)

Powder lot Th-D-3 (Table i) was prepared without NH4NO3 and the physical

properties were not amenable to sintering. The powder lot had lower surface

o area and higher bulk density than powders with the NH4NO3 addition. Appar-

ently, the NH4NO3 promotes the formation of very soft agglomerates of fine

. particles instead of the hard, dense granules normally produced in the

conversion of uranyl nitrate.

Demonstration runs in larger rotary kiln at National Lead of Ohio (NLO)

(Table 2) expanded the processing conditions to product rates of 3 kg/h,



TABLE I. DenitrationConditionsand As-ReceivedPropertiesof
ORNL UO3 Powder Lots Producedin 8 cm ID x 80 cm
RotaryKiln. All Powder Lots with NH4 +/U Feed Mole
Ratio of 2.0 Unless OtherwiseNoted.

m

Powder Propertiesof
As Received U03_

ORNL Tube Product Feed PNL Surface Bulk
Rot Temp., Rate, Conc., Th-D Area, Density,
No. °C gUO3/__h_h UM .No. m2/g 9/cm3
14P(a) 500 NA 1.4 3 0.89 2.50

32P(b) 430 NA 1.7 4 6.86 1.04

34 430 0.3_ 1.7 5 8.61 0.97

35 500 0.36 1.7 6 11.52 0.95

37 390 0.36 1.7 7 8.83 0.96

55 525 0.50 2.0 17 11.15 0.83

49 495 0.36 1.7 18 8.12 0.95

41 620 0.36 1.7 19 9.71 0,95

56A 475 0.80 2.0 20 11.4.7 0.77

56C 525 0.76 2.0 21 10.94 0.72

57 420 0.38 1.7 22 10.47 0,78

58 455 0.42 20 23 10.06 0.87

59 455 0.42 1.7 24 11.37 0.77

60 450 0.42 2.3 25 9.38 0.84

(a)Prepared without NH4NO3 addition.

(b)Feed NH4 +/U Ratio of 1.3 M/M.
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TABLE 2. DenitrationConditionsand As-Receive_jProperties
of UO3 PowderLots, Produced in NLOta) 16 cm x 65 cm
Rotary Kiln. ProductionRate 3 kg/h.

Tube Feed Solution Surface Bulk PNL
Test Temp., NH4+/U NO.-/u(b)' Area, Density, Th-D
No. C Mole/Mole Mo_e e' ° IMol m2/g 91cm3 No.

A-1 605 2.0 2.0 7.23 0.82 12

A.2 405 2ol 1.9 6.30 0.70 13

B-1 750 0 3.9 0.92 1.79 14

B-2 605 0 4.0 1.46 1.78 15

B-3 445 0 3.9 0.70 1.93 16

(a)NationalLead of Ohio.

(b)N03present as NH4NO3 not included" solutionswith ratios<2 are acid
deficient;solution>2 have excess NO3.

TABLE 3. DenitrationConditionsand As-ReceivedProperties
of ORNL ThoriumOxide and UraniumOxide Powder Lots
containingTh and Ce Produced in NLO Rotary Kiln.

ORNL U NH4+ Tube Surface Bulk PNL
Rot U+Th+Ce, i]-#-?h+-(_-e-_,Temp.,, Area, Density, Th-D

No. Composition Mole % Mole % °C m2/g 9/cmJ No___c.

' 44 UO3 + ThO2 75 2.0 500 15.6 0.50 8

53 UO3 + ThO2 25 1.0 540 17.9 0.70 9

' 51 THO2 0 5.0 550 25.8 0.75 ]0

43 UO3 + Ce203 75 2.0 460 6.0 0.65 11

11



both with and without the NH4NO3 addition. The as-received powder properties

of the NLO powder are similar to the ORNL runs.
i

Powder preparations by ORNL also included powder lots containing thorium

and cerium. The U-Th and U-Ce oxide powder lots (Table 3) were evaluated

to provide an indication of mixed oxide (U-Pu) sintering behavior. The
6

high surface area and low bulk density was attributed to the NH4NO3 used in

the denitration feed solution.

FABRICATION SCREENINGTESTS

Samples of each thermally denitrated powder lot (Tables I, 2 and 3) were

evaluated in fabrication screening t_sts. The process procedure, shown in

Figure I, was followed to determine and compare the sinterability of each

powder lot. Fabrication data from the screening tests are summarized in

Tables 4, 5 and 6.

Powder lots from the ORNL rotary kiln, which included NH4NO3 in the

denitration feed (Table 4), all sintered to greater than 96% TD. These

high density pellets were obtained from a wide range of powder properties

and processing parameters (Table I and 4). In all these powder lots, the

NH4NO3 feed addition was a common requirement for high density pellets.

Pellets fabricated from these powder lots were relatively crack-free and

had a uniform high-density structure. Typical microstructures are shown in

Figures 2 and 3. The pellet shown in Figure 2 was made from a mixture of

four of the earlier lots (Th-D-4 through -7) and Figure 3 is one of the

last powder lots (Th-D-25) evaluated.

Powder lot Th-D-3, prepared without the NH4NO3 addition, consisted of

hard, glossy granules with a surface area of less than I m2/g after calcining

and reducing. When pressed and sintered, the pellets were poor quality and

less than 70% dense. After the powder was vibratory milled for 2, 3, and

5 h, some small, hard granules still remained, and the pellets were pressed

and sintered to 89.7, 93.6 and 94.6% TD, respectively. The quality of

these pellets was marginal. A typical pellet microstructure is shown in

Figure 4.

d
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TABLE 5. U02 ScreeningTest Summary,IncludingPowder and
PelTet Data for the NLO DenitrationPowder Lots.

i

PNL Cal./Red, UO2 Surface Density,9/cm3
Th-D wt loss, O/M Area, Sintered,
No. % Rat io m2/_ _Ta_ap_._ SIug Green % TD

12 3.9 2.11 6.49 1.15 4.18 5.12 97.2

13 9.0 2.12 6.46 1.08 4.12 4.03 97.6

14 3.7 2.10 57 3.28 5.21 6.0 79.9

15 6.0 2.11 3.91 3.53 5.31 6.15 81.8

16 7.0 2.08 2.51 3.55 4.68 6.25 79.7

1) Powder lots 12 and 13 were similarto ORNL lots preparedwith NH4NO3.
2) Powder lots 14, 15 and 16 were processedwithoutNH4NO3.
3) A compositeof powder lots 14, 15 and 16 _vasvibratorymilled for 4 h,

increasingthe surfacearea to 4.52 m2/g, and sinteredto 93.7% TD
with good qualitypellets.

TABLE 6. Mixed Oxide Screening Test Summary, Including Powder
and Pellet Data for the ORNLPowder Lots Processed
with Thorium or Cerium Additions.

PNL Oxide Cal./Red. Surface Density , 9/cm 3
Th-D Comp. wt loss, Area, Sintered,
No. Mole % % m2/____ __Taap__ _ Green % TD

8 75U- 5.6 13.31 0.96 4.22 5.00 97.3
25Th

9 25U- 3.9 23.00 1.06 4.33 4.04 93.4
75Th

10 lOOTh I. 1 32.15 I. 13 4.90 5.40 91.9(a)

11 75U- 8.7 6.86 1.21 4.25 5.07 92.7(a) '
25

!

(a)Qualityof pelletsfrom Powder lots 10 and 11 was poor. The
rejectswere due to small cracks.
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FIGURE 2. Microstructure of UO Pellet Made from Powder
Lot Th-D-4 through-_ (Composite), 97.8% TD.
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FIGURE3. Microstructure of UO2 Pellet Made from
Powder Lot Th-D-25, 96.9% TD.
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Resultsof screeningtests for,the scale-upbatchesof the powderpro-

cessed at NLO were similarto screefiingtest resultsattainedfor lots

producedat ORNL. The pellet fabricationdata are given in Table 5. Powder

lotsTh-D-12 and 13, which containedthe NH4NO3 addition,produced96% to

97% TD pellets. The powder lots Th-D-14,-15 and -16, which did not have

the NH4NO3 addition,sinteredto 79 to 80% TD. However,vibratorymilling

for i h increasedthe pellet density to 86% TD, and after4 h of milling

pelletdensity increasedto 93.7% TD (Figure5). All of the low density

pelletsmade from the NLO powder lots withoutthe NH4NO3 additionwere

sound,high qualitypelletsas opposedto the poor qualitypelletsfrom the

ORNL powder lot Th-D-3,processedwithout the NH4NO3 addition.

Pellet fabricationdata for UO2 powderscontainingthoria and ceria are

shown in Table 6. The same screeningprocesswas used to enable a compar-

ison to the existingUO2 data base. These mixed oxide powder lots had high

surfaceareas and low bulk densities(Table3). They were more difficultto

processthan the UO3 powder lots. Lower sintereddensitieswere achieved,

and some defectswere observed. The microstructureof thesemixed oxide

pellets is illustratedin Figures6 throughFigure9.

A single lot of 24 mole% Pu-76 mole% U powder was preparedby thermal

denitrationat 550°C using the samemethod developedfor uraniumoxide. The

feed solutioncontainedthe NH4NO3 additionto improvethe fabricationpro-

pertiesof the powder. The as-receivedbulk density and surfacearea were

0.45 g/cm3 and 9.2 m2/g respectively. This powder lot was calcined,

pressed,and sinteredinto pelletsfollowingthe processand conditions

outlinedfor the standard screeningtest.

The tap density after calciningwas 1.22 g/cm3 while the surfacearea was

10.2 m2/g. After sluggingand granulating,the calcinedpowderwas pressed

into pelletswith an averagegreen densityof 5.39 g/cm3. These pellets

sinteredto 93.9% TD. The densityof these U-Pu oxide pelletswas lower

than the UO2 pellets,but about the same as the U-Th and U-Ce oxide pellets.

Tables4, 5 and 6 show that the additionof NH4NO3 to the feed solution

producedan active sinterablepowder,whereaspowderspreparedwithout

18
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FIGURE 5. Microstructure of UO2 Pellet Made from Powder
Lots Th-D-14, 15, and 16 (Composite); NLO Powder
Without NH4NO3 Addition, Vibratory Milled 4 h,
93.7% TD.
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FIGURE6. Microstructure of Mixed Oxide Pellet Made from
Powder Lot Th-D-8 (Uo.75,Tho.25)02, 97.3% TD.
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FIGURE7, Microstructure of Mixed Oxide Pellet Made from
Powder Lot Th-D-9 (Uo.25,Tho.75)02, 93.4% TD.

- 21



tOOOlUm

FIGURE 8. Microstructure of ThO2 Pellet Made
from Powder Lot Th-D-IO, 91.9% TD.
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FIGURE 9. Microstructure of Mixed Oxide Pellet Made from
Powder Lot Th-D-II (Uo.75,Ceo.25)O 2, 92.7% TD.
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NH4NO3 addition sinteredto lower densitiesand requiredexcessivemilling

to increasethe powder activityand pellet density.

PROCESSOBERVATIONS

The processing and evaluation of the first powder lots, Th-D-4 through -7 .

produced good quality green pellets. These test pellets were relatively

free of defects and sintered to densities greater than 97% TD (Table 4).

The conventional and simple three-step pressing operation (fill, press, and

eject) was used. Results showed no difference between the four powder

lots. However, during the screening tests of powder lot Th-D-17, a green

pellet end-defect occurred during pressing. The defect normally appeared

on the top end of the pellet as a shallow surface flake, scale, or blister.

The defect occurred regardless of pressure and was not the typical end-cap

type defect usually associated with hi'gher pressures. The problem, which

continued on subsequent powder lots, could not be directly correlated to

any of the wide range of ORNLdenitration conditions.

The green pellet end-defect occurred during ejection from the die. lt

was prevented by restraining the pellet during ejection. A feature on the

automatic hydraulic pellet press allow the top punch to retain a slight

pressure on the pellet while it is being ejected. This compression on the

pellet during ejection prevents the end-defect and also allows high pressures

to be used during pellet pressing.

To confirm that some new, unknown variable was not causing the pellet

end-defect, screening tests were repeated on the Th-D-5 powder lot. The

hydraulic top-punch hold-down feature was not necessary to press acceptable

green pellets. This powder lot was considered typical of the earlier lots.

In addition, acceptable pellets could be pressed using the top-punch hold-

down with the Th-D-5 powder. To maintain integrity in the test pellets,

the hold-down on ejection was used on the balance of the powder lots

evaluated. However, efforts were continued to determine the reason for the
,.

pr_i.g defecc.

End-defectsappearto be relatedto powdermorphology. Comparisonswere

made betweenthe Th-D-5 powder,which producedacceptablegreen pellets,

24
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pellets,and Th-D-17 powder,which required the top-punchhold-downfeature

during pelletejection. These comparisonsincluded:

• thermalgravimetricanalysisof calcination/reductioncycle

• scanningelectronmicroscopy(SEM) of particleshape

• particlesize distributionof calcined powders
4

A thermalgravimetricanalysis (TGA) that comparesthe calcination/

reductioncycle of Th-D-5 and Th-D-i7 powders is shown in Figure10. Weight
a

loss startedat about I00°C for the Th-D-5 powder,whereasweight loss for

the Th-D-17powder did not start until about 500°C. Weight lossdifferences

probablywere due to the higherdenitrationfurnacetemperatureof 525°C

for Th-D-17powder comparedwith 430°C for the Th-D-5powder. Greater

weight loss (Table4) was observedon lots Th-D-4 through-7 that produced

defect-freegreen pellets. However,when a comparisonwas made of the

other powder lots (TableI), the denitrationtemperatureincludeda wide

range. The ORNL denitrationconditionsand the pelletend-defectcould

not be directlycorrelated.

Scanningelectronmicroscopywas used to examinethe particlemorphology

of powder lots Th-D-5 and -17 at magnificationsup to 10,000 (Figures11

and 12). Both powdershad a very fine particle sizewith a tendencyfor

small agglomerates. The small particle size was also confirmedby the'
J

high surface area of these powders (Table 4). The Th-D-5 powder agglom-

erates are made of more uniformparticlesthan are agglomeratesof the

Th-D-17 sample. Agglomeratesof the Th-D-17 powder lackeduniformity.

This lack of particleuniformitycreated inter-agglomeratevoids, which

make this powdermore difficultto pack, and may explainthe lower tap

densityon the Th-D-17powder.

. Other powder lots did not containthe uniformagglomeratesobservedin

the Th-D-5 powder;however,the extreme lack of uniformityof the Th-D-17

. powder was not evident in any of the additionalpowder lots examined. The

SEM examinationcould not be consideredconclusive,althoughthe pellet

end-defectapparentlyrelatesto particle and agglomeratesize, shape and

distribution. The distributionof particle size, shape, and density shown

in the SEM micrographscould affect the packingof the powder.
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FIGURE 11. Scanning Electron Micrographs (SEM) of Powder Lot
Th-D-5 After Calcination and Reduction (Screen-
ing Test 600°C, 4 h, 50% H2-Ar).
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FIGURE 12. Scanning Electron Micrographs (SEM) of Powder Lot
Th-D-17 After Calcination and Reduction (Screen-
ing Test 600°C, 4 h, 50% H2-Ar ),
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FIGURE12. (Continued)
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Particle size distribution of powder lots Th-D-5 and Th-D-17 was

determined by a centrifuge-sedimentation method. This method is normally

used for quantitative analysis to evaluate particle distribution for

powder compaction or for use with surface-area measurements to determine

. powder sinterability.

When the particle size distribution comparisons on the thermally deni-

• trated powder lots were made, the Th-D-5 powder, which pressed satisfac-

torily, included 24%of the particles in the submicron range. The powder

lots that produced end-defects contained a larger quantity of submicron

fines. The Th-D-17 powder sample had 33% submicron fines and powder lots

Th-D-22 through -25 contained an average of 45% in the submicron range.

The excessive powder fines could be causing the pressing defect; however,

as with the SEMexamination, this observation could not be considered

conclusive.

To determine whether pressing defects associated with the powder produced

by the continuous rotary kiln could be eliminated by reducing the excessive

powder fines, a batch denitration run was made by ORNLunder conditions

to reduce the fines concentration. This procedure entailed a slow-rate

(about 20 h at 210°C) batch operation instead of the continuous rotary

method. The UO3 crystals were allowed to grow, which resulted in a mean

particle size of 4 _m. In contrast to the rotary kiln powder lots, only

about 10% of this batch denitration (Th-D-26) was submicron. This powder

produced high density green pellets witMout any pellet end-defects and

did not require the top-punch hold-down.

Th-D-26 powder sintered to a maximumof 90 to 92% TD when pressed to

the optimum green density. The uniform, low density pellet structure

(Figure 13) was defect-free. This powder lot had a surface area of 3.26

m2/g and a tap density of 1.68 g/cm3. These relatively large, dense

particles are related to the slow-rate batch denitration procedure. Addi-

tional development of this procedure could be beneficial to producing a

powder that can be processed directly, using conventional steps, to the

specified Fast Breeder Reactor (FBR) densities of 90% TD.
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FIGURE13. Microstructure of UO2 Pellet Made
from Powder Lot Th-D-26, 89.5% TD.
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, FBR DENSITIES

In additionto the FBR densitiesachievedwith the specialTh-D-26

powder lot, developmentalstudieswere made using the followingtechniques

to obtain the desired low density:

' ° increasingcalcinationtemperaturesto reduce sinterability

• addingvolatileporeformersto producepores

, ° using precursor,UO3 poreformeradditions.

CALCINATION/REDUCTIONSTUDIES

Increasedcalcinationand reductiontemperatureswere investigatedas

a method to furthercharacterizethe thermallydenitratedpowder and to

reduce and controlthe sinterabilityof this highlyactive powder. Specific

surfacearea is usuallyregardedas a good indicatorof powder sinter-

ability. Heat treatmentof UO2 is a well-knownmethod to decreasethe

surfacearea and deactivatethe sinterabilityof a powder(3,4). This may

be accomplishedby a thermaltreatmentof the UO2 during powderprepara-

tion, or it may be controlledby temperatureduring the conversionand

reductionof the UO2 precursor(5,6,7).

The wide range of thermallydenitratedtube temperatures(Table1) had

little,if any, effect on the surfacearea or sinterabilitywhen NH4NO3

was includedin the feed solution. Likewise,in the followingcalcination/

reductiontemperaturetests increasingthe calciningtemperatureto 1000°C

had limitedeffect on sintereddensity,but had major impacton pellet

quality and powder properties.

Powder lots Th-D-17 and -22 were chosen for the increasedcalcination/

. reductiontemperaturetests. These two powder lots were preparedat

differenttemperatures,product rates,and feed concentrations(see Table 1);

, however,they were both processedwith ammoniumnitrate in the feed solu-

tion. After calcinationand reductionat 600°C in the screeningtests,

the UO2 powder propertieswere similar(Table4). In both cases test

pellets sinteredto 97% TD.
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The series of increasedtemperaturesincludedsix calcination/reduction

runs rangingfrom 600 to 1000°C. All runs were for 4 h at temperature.

The typicalscreeningtest processused includedheating in argon, reducing

in 50% hydrogen/50%argon, and cooling in argon. Test data, process

conditions,and inspectionresultsare shown in Table 7 for the Th-D-17

powder lot and in Table 8 for the Th-D-22 powder lot. The powder surface

area decreasedas expected(Figure14) from >10 m2/g at 600°C to <1 m2/g

at 1000°C. Likewise,the O/M ratio dropped(Figure15) with increased °

temperature. However,the sintereddensitydecreasedonly slightlywith

the increasedcalcinationtemperature. Calcination/reductionup to 800°C

yielded high qualitytest pellets that sinteredto 97% TD. Powdercalcined

above 8000C yielded pelletswith poor green and sinteredstrength,but

the pelletsstill sinteredto densitiesof 95% TD. These resultsindicate

that FBR densitywould be diffi ult to controlby increasingcalcination

temperature. Very littledifferencewas seen in comparingthe properties

and fabricationof the two powder lots.

POREFORMERS

The control of UO2 fuel pellet densitiesby incorporatingvolatile

additives(poreformers)has been widely reported(5,6,8). Poreformersare

of particular interestin the manufactureof irradiation-stablefuel when

an extremelyactive powder is used. By appropriateselectionof size,

the additionof the poreformercan create large stablepores in a dense

97 to 99% TD matrix and minimize the amountof extremelyfine, unstable

porosity. Severaldifferentporeformerswere evaluatedat PNL in a study

of fueldensification(6). This techniquewas useful for obtainingdensi-

ties as low as 85% TD in a low density,PuO2-UO2 fabricationstudy(5)_

An extensiveexperimentalprogramwas conductedby WestinghouseResearch

Laboratories(8)to determinethe most suitableporeformerfor the control

of sintereddensity. Various additives,includinguranyl and ammonium

salts,were includedin this study.

Severaldifferentadditiveswere used in this study with highly active

thermaldenitratedpowder. These included: Polyethyleneglycol,polyvinyl

34
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TABLE 7. Effect of Temperatureon Powder Propertiesand Fabri-
cation Characteristicsof PowderLot Th-D-17.

0

Temperature, C
600 700 800 850 900 1000

Weight Loss (%) 7.1 7.5 7.7 7.6 8.4 7.8

O/M 2.18 2.16 2.08 2.06 2.05 NA

Tap Density (g/cm3) 0.97 1.04 1.07 1.11 1.07 1.44

Surface Area (m2/g) 10.61 7.46 4.4 3.08 2.99 0.84

Green Density (g/cm3) 5.17 4.92 5.42 5.60 5.98 NA

ImmersionDensity
(% TD) 97.65 97.08 97.36 96.40 95.38 94.45

Note' Pellet qualitywas acceptableexcept at 900 and 1000°C.

TABLE 8. Effectof Temperatureon PowderPropertiesand Fabri-
cationCharacteristicsof PowderLot Th-D-22.

Temperature,°C

600 700 800 850 900 1000

Weight Loss (%) 11.2 11.6 11.7 11.5 12.0 12.4

O/M 2.16 2.12 2.08 2.05 2.04 NA

Tap Density (g/cm3) 0.87 0.94 1.01 1.04 0.95 1.19

SurfaceArea (m2/g) 10.33 6.70 4.4 3.34 2.94 0.84

Green Density (g/cm3) 5.06 4.96 5.40 5.44 5.52 6.11
o

ImmersionDensity
(% TD) 97.70 96.67 97.13 96.85 95.38 95.80

Note: Pellet qualitywas acceptableexcept at 900 and I000°C.
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alcohol and various ammoniumsalts. Ali of these poreformers effectively

reduced pellet density; however, in the present study added emphasis was

placed on ammoniumoxalate (AO) which was easy to process and produced

somewhat spherical shaped pores with smooth and rounded surfaces. As

reportedby the Westinghousestudy, "the AO additiveproducedthe 'cleanest'

lookingpore structureof all the additives"(8).

The AO particle size fraction and shape (Figure 16) determines the pore •

size and shape in the pellet, The homogenousdistribution or mixing of the

poreformer is important to maintaining a uniform microstructure. After

calcining and reducing the U03, the highly sinterable UO2 powder is

granulated to -100 mesh. The powder is then blended with the size fraction

of AO to produce the desired density and microstructure. After blending

the poreformer, the powder is slugged and granulated, and then the process

flow is returned to normal. Adding the poreformer to the UO2 before the

slugging "locks-in" the pores in the UO2 granules to provide a more uniform

and homogeneousmicrostructure.

One of the earliest PNL tests used AO in a -140 +200 mesh size range

(Figure 17) with powder lot Th-D-12 (from the NLOscale-up rbn). This

microstructure is compared with a smaller size fraction -200 + 325 mesh AO

poreformer (Figure 18) used in the mixture of powder lots Th-D-4 through

-7. The size of the poreformer particle determines the size voids in the

microstructure while the amount of poreformer controls density. An approxi-

mate 3% density reduction can be expected per i wt% of the AO poreformer.

The linear relationship between the sintered density and percentage of AO

poreformer (Figure 19) allows precise density control. The target FBR

density (88 to 92%TD) was achieved in a mixture of lots Th-D-4 through -7

with 2 wt% AO (Figure 18) and with 2.5 wt% AO (Figure 20),

Pellets within the FBR density range were also made using powder lot

Th-D-18 with 2 wt% AO. Figure 21 shows the reference standard for Th-D-18

without the poreformer. Figures 22 and 23 show the transverse and longi-

tudinal sections with no evidence of pore distortion due to pressing
direction.
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FIGURE16. Micrograph of AmmoniumOxalate Particles
(-200 +230 Mesh) Used as Poreformers in
UO2 Pellets.
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FIGURE17. Microstructure of UO2 Pellet Made from Powder Lot
Th-D-12, Using 1.75 wt% AO -140 +200 Mesh as Pore-
former, 91.1% TD.
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FIGURE18. Microstructure of UO2 Pellet Made from Powder Lot
Th-D-4 through -7 (Composite), Using 2 wt% AO
-200 +325 Mesh as Poreformer, 91.4% TD.
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FIGURE 19. The Effect of Ammonium Oxalate Poreformer on

Sintered Density of UO2 Pellets.
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Carbon contentof sinteredpellets fabricatedwith the AO poreformerwas

158 ppm when the pelletswere sinteredwith the routineheatingrate of

150°C/hto 450°C and 300°C/hto 1700°C. The level was slightlyabove the

limitof 150 ppm.(a) lt was reduced to 34 ppm in subsequenttests,when

the heating rate was changedto 50°C/h between300 and 400°C. This change

was made after a TGA run (Figure24) showedthe AO was volatilizedabove
300°C,

i

PRECURSORBRANULES AS POREFORMERS
7 '

This techniqueutilizesa quantityof the UO3 fuel precursorgranules

blendedwith the highly sinterablethermaldenitratedUO2, The desired

porosity is obtainedduring the sinteringcycle by the decomposition,

reduction,and localizedshrinkageof the UO3 granules.

The attractivefeaturesof this method includereducedprobabilityof

impuritiesdue to additives,and uniformpowder mixingdue to minimal

densitydiffe_'encesbetweenthe UO2 powder and the UO3 granule.

For this study, developmentwork on this techniquewas limited. Addi-

tions of 10, 15 and 20 wt% of the UO3 granuleswere blendedwith the UO2 (a

compositeof lots Th-D-23through -25). The procedureincludesslugging,

granulating,and sizing the UO3 granule and blendingthese dense, hard

granules with the granulatedUO2 in the lubricantblendingoperation. When

the 20 wt% -170 +200 mesh hard granulesof UO3 were blendedwith granulated

UO2 and processed,the pelletdensity was 92.5% TD, producinga porous and

non-uniformmicrostructure(Figure25). This techniquecould be of

interestin producingpelletsat FBR densities,but requiresfurther

development.
#

If the UO3 is blendedwith the base UO2 in the fine, as-receivedform,

before preslugging,it has minimaleffect on reducingdensity. A 20 wt%
q

additionof the fine as-receivedUO3 producedsinteredpellets about 95% TD.

(a)From RDT-13-6,
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FIGURE20. Microstructure of UO2 Pellet Made from Powder Lot
Th-D-4 through -7 (Composite), Using a 2.5 wt% AO
(-200 +325 Mesh Particles) as Poreformer, 90.0% TD.



FIGURE 21. Microstructure of UO2 Pellet Made from Powder
Lot Th-D-18; Reference Standard Pellet Without
Poreformer, 97.3% TD.
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FIGUR,- 22. Microstructure of UO2 Pellet Made from Powder Lot
Th-D-18, Using 2 wt% AO (-200 +325 Mesh Particles)
as Poreformer, 89.8% TD (Transverse).
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FIGURE 23. Microstructure of UO2 Pellet Made from Powder Lot
Th-D-18, Using 2 wt% AO (-200 +325 Mesh Particles)
as Poreformer, 89.8% TD (Longitudinal).
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FIGURE 25. Microstructu;e of UO2 Pellet Made from Powder
Lot Th-D-23 through-25 (Composite), Using
20 wt% UO3 as a Precursor Poreformer, 92.5% TD.
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I MPURI TYANALYSI S

Impurity analyseswere made for two of the thermal denitration powder

lots ('Table 9) after calcination and reduction. Apparently, the only

significant impurity was the high level of nitrogen (i000 ppm) in the

powder after the 4 h, 600°C calcine treatment. Up to 18 h additional time

, at 600°C had little effect and only reduced this level to 950 ppm. How-

ever, higher calcination/reduction temperatures showed a continued reduction

to 350 ppm at 900°C, 4 h. The nitrogen in sintered pellet was reported

in three samples from i0 ppm to 50 ppm, well below the 200 ppm limit.(a)

i

(a)RDT-13-b Standard.
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TABLE9. Impurity Analyses of Thermal Denitrated
' UO2 Powder Lots Th-D-17 and Th-D-12.

l

RDT-13-2

Limits in ppm UO2 Powder Analysis
Element by wt U02 Powder Th-D-17 Th-D-12

AI uminum 500 <50 _50 ,
Beryl I i Jm 20 < 2 < 2
Boron I0 0.03 0.01
Cadmium 20 <2 < 2
CaI c i um I00 60 30
Carbon 150 - -

Chlorine 25 <i0 <i0
Chromium 200 <25 <40
Cobalt I0 I 0.I
Fluorine 25 ND ND
I ron 400 300 400
Lithium i0 <I <i
Magnesium 25 < i0 < i0
Nicke I 400 50 50
Ni tr i de Ni trogen 200 I000 i I00 (I)

Phosphorus 50 I0 I00
Potassium 200 <20 < 20
Sodi um 500 <i O0 <i O0

SuI fur 300 ND ND
Vanadium 400 0.5 0.2
Tant al um 400 O.5 O.5
Tungsten I00 O.15 0.15
The sum of copper, zinc, 800 260 290
silicon, and titanium

The sum of silver, manganese, 200 50 70
molybdenum, lead and tin

The sum of samarium, europium, I00 <0.65 <0.65
gadolinium, and dysprosium

(1)Nitrogen ranges from 700 to 1100 ppm in UO2, calcined and reduced 600°C
-4 h; however the nitrogen content was reduced to between 10 and 50 ppm
after sintering.

52



RESINTERTEST

A random selection of thermally denitrated test pellets, including the

high densities of _97% TD and the low FBRdensities of _90% TD were

subjected to a 24 h, 1700°C resinter test. The initial sintering cycle for

• these pellets was 1700°C for 8 h. After resintering, the density of the

two groups of pellets increased an average of 0.6% TD with the change

,. ranging from 0.i to 1.1% TD. As a point of interest, the density after

an initial sintering cycle of 4 h at 1700°C was _0.5% TD lower than when

the test pellets were sintered for 8 h.
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